Abstract For a long time hantaviruses were believed to be exclusively rodent-borne pathogens. Recent findings of numerous shrew-and mole-borne hantaviruses raise important questions on their phylogenetic origin. The objective of our study was to prove the presence and distribution of shrew-associated Seewis virus (SWSV) in different Sorex species in Central Europe. Therefore, a total of 353 Sorex araneus, 59 S. minutus, 27 S. coronatus, and one S. alpinus were collected in Germany, the Czech Republic, and Slovakia. Screening by hantavirus-specific L-segment RT-PCR revealed specific amplification products in tissues of 49 out of 353 S. araneus and four out of 59 S. minutus. S-segment sequences were obtained for 45 of the L-segment positive S. araneus and all four L-segment positive S. minutus. Phylogenetic investigation of these sequences from Germany, the Czech Republic, and Slovakia demonstrated their similarity to SWSV sequences from Hungary, Finland, Austria, and other sites in Germany. The low intra-cluster sequence variability and the high inter-cluster divergence suggest a long-term SWSV evolution in isolated Sorex populations. In 28 of the 49 SWSV S-segment sequences, an additional putative open reading frame (ORF) on the opposite strand to the nucleocapsid protein-encoding ORF was identified. This is the
first comprehensive sequence analysis of SWSV strains from Germany, the Czech Republic, and Slovakia, indicating its broad geographical distribution and high genetic divergence. Future studies have to prove whether both S. araneus and S. minutus represent SWSV reservoir hosts or spillover infections are responsible for the parallel molecular detection of SWSV in both species.
Keywords Hantavirus Á Seewis virus Á Shrew Á Sorex araneus Á Central Europe Á Spillover Although historically, the first hantavirus, i.e., Thottapalayam virus (TPMV), was isolated from a shrew, the Asian house shrew Suncus murinus, in India [1] , it took more than 30 years until this virus was completely sequenced and confirmed to be a shrew-borne hantavirus [2] . Development of a broad-spectrum RT-PCR assay allowed the discovery of a second shrew-borne hantavirus, Tanganya virus, from Crocidura theresae in 2007 [3] . Further studies on shrew-borne hantaviruses were encouraged, resulting in the identification of similar viruses in other members of the genus Crocidura, i.e., Crocidura lasiura and Crocidura obscurior [4, 5] . Hantaviruses were detected in other shrew species of the subfamily Soricinae too, i.e., Anourosorex squamipes, Blarina brevicauda, Sorex cinereus, S. monticolus, and S. roboratus [6] [7] [8] [9] . In addition, novel hantavirus sequences were found in S. caecutiens (GenBank Acc. Nos. EU424339-40) and S. cylindricauda (GenBank Acc. Nos. GU566021-23). Moreover, hantaviruses were found in moles, within the subfamily Talpinae, i.e., Urotrichus talpoides, Neurotrichus gibbsii, and Talpa europaea [10] [11] [12] . The finding of a novel hantavirus in the Eastern mole (Scalopus aquaticus), closely related to Cricetidae-borne hantaviruses, underlines the complex evolutionary history of hantaviruses [13] . Recently, hantaviruses were molecularly detected in bats [14, 15] .
All novel insectivore-borne hantaviruses have the same genome organisation as the rodent-borne hantaviruses [12] . The single stranded RNA genome of negative polarity consists of a small (S)-segment coding for a nucleocapsid (N) protein, medium (M)-segment coding for a glycoprotein precursor, and large (L)-segment coding for a RNAdependent RNA polymerase.
Previously, only rodent-borne hantavirus species were known in Central Europe: the Arvicolinae-borne Puumala virus and Tula virus (TULV) and the Murinae-borne Dobrava-Belgrade virus (DOBV) [16] . In 2007, a Soricinae-borne hantavirus, Seewis virus (SWSV), was detected in the common shrew Sorex araneus from Switzerland [17] . Shortly thereafter, this virus was also found in Hungary, Finland, and Russia [18, 19] . Here we describe a comprehensive investigation of the presence, distribution, and genetic variability of SWSV in different Sorex species in three countries of Central Europe.
A total of 353 common shrews S. araneus, 59 Eurasian pygmy shrews S. minutus, 27 Millet's shrews S. coronatus, and one Alpine shrew S. alpinus were collected at 68 trapping sites in Germany, 12 trapping sites in the Czech Republic, and four trapping sites in Slovakia (Table 1) . For hantavirus-specific RT-PCR, total RNA was extracted from lung, liver, or kidney, reverse transcribed, and amplified using primers targeting the L-segment [20] . Thereafter, all L-segment positive samples were additionally tested in S-segment RT-PCR assays using previously published primers SW-S-AF2-404 and SW-S-AR2-1249 [19] and newly designed primers SWSV-22-fw (5
. The L-segment amplicons of about 390 bp were directly sequenced, and the obtained sequence information was analyzed as previously described [21] . In total, in 49 out of 353 S. araneus and in four out of 59 S. minutus hantavirus L-segment sequences were found. S-segment sequences were obtained for 45 of the 49 L-segment positive S. araneus and for all four L-segment positive S. minutus. The RT-PCR positive samples originated from five sites in Germany, seven sites in the Czech Republic, and one site in Slovakia (Table 1 ; Fig. 1a) . None of the investigated S. coronatus and S. alpinus revealed specific RT-PCR products. An initial phylogenetic analysis of all 53 Sorexderived L-segment sequences demonstrated their similarity with SWSV sequences from Hungary, Finland, Austria, and other sites in Germany (Fig. 1b ). An additional wellseparated cluster is formed by sequences from Far-East Russia. The phylogenetic tree showed evidence for a geographical clustering of SWSV sequences, e.g., different clusters from the Czech Republic (Drahany, Raťkovský les/ Nosislav, Beskydy/Raťkov). A pairwise comparison of the novel partial SWSV L-segment nucleotide sequences and deduced amino acid sequences (values shown in brackets) from sites Drahany and sites Beskydy/Raťkov showed intra-cluster divergences of 0-3.2 % (0-2.2 %). The highest sequence divergences of the novel sequences to other SWSV sequences were found to be 24.9 % (5.4 %). The comparison between the novel sequences and other Sorex-associated hantavirus sequences showed higher divergences of 16-29.5 % (1.1-19.2 %) (data not shown).
Owing to the higher conservation and limited length of the analyzed L-segment sequences and the resulting lower support of the Maximum Likelihood tree, a deeper phylogenetic analysis of the novel SWSV strains was based on S-segment sequences of 699 nt in length. This analysis demonstrated a clear separation of all SWSV sequences from other Sorex-borne hantaviruses including Kenkeme virus (Fig. 1c) . The S-segment sequences showed a complex geographical clustering. Thus, SWSV sequences from the Czech Republic formed in correlation to their trapping sites five clusters (Ia, Ib, II, III, IV). The three sequences from Gotha formed a cluster with a sequence from Ködnitz The phylogenetic trees were initially generated using MrBayes 3.1.2 [35] as previously described [21] and by Maximum-Likelihood (ML) analysis with 1,000 bootstrap pseudoreplicates calculated with MEGA5 [36] . Partial L-segment (nucleotide positions 3,011-3,292; numbering according GenBank Acc. No. NC005235) and S-segment sequences (nucleotide positions 431-1,114; numbering according GenBank Acc. No. EF636024) were used. The optimal nucleotide substitution model, determined by jModeltest [37] , was the GTR?I?G model for both, the L-and S-segments. The screening of the novel SWSV L-and S-segment sequences for recombination, did not reveal any putative recombinant regions supported by more than three programs implemented in the RDP3 program [38] . All identical sequences were excluded from the alignments for tree reconstruction including L-segment sequences from trapping site Drahany (JQ425319, Our study demonstrated a broad geographical distribution of SWSV in Sorex araneus in Central Europe. Together with the initial detection of SWSV in Switzerland and the previous detection of SWSV in Hungary, Finland, and Russia, this virus shows a very broad geographical distribution in Europe and Far-East-Russia. A more in-depth phylogenetic analysis demonstrated a high genetic divergence of the SWSV strains from different parts of Europe. This finding might be explained by the phylogeography of the reservoir host, S. araneus, and an independent longterm evolution of the SWSV strains in isolated local Sorex populations. The recolonization of Europe from three potential main refugia in Portugal-Spain, Italy, and the Balkans has been dated to the last glaciation period 20,000-18,000 years ago when the ice shield left Europe [22] . Based on cytochrome b (cyt b) and cytochrome oxidase I gene data, the three major Western European phylogroups of S. araneus differentiated during the Middle Pleistocene from 0.47 to 0.27 million years ago [23] . A phylogenetic analysis of cyt b gene sequences generated by a recently described protocol [24] of S. araneus, S. minutus, and S. alpinus samples from all investigated trapping sites demonstrated a clear separation of the cyt b sequences from the three species and a high genetic diversity, but not a geographical clustering of the cyt b sequences from S. araneus (data not shown). Future investigations have to prove the possible association of the phylogeographical history of S. araneus and the evolution and host association of SWSV in Europe during these calculated timescales. The geographical clustering of S. minutus-borne SWSV sequences with S. araneus-derived sequences and the more frequent detection of SWSV in S. araneus may indicate that S. araneus represents the reservoir host of SWSV and the detection in S. minutus is due to spillover infections. Similarly, the molecular detection of SWSV in other Sorex species, i.e., S. daphaenodon, S. tundrensis [19] , and in one case in Neomys anomalus (GenBank Acc. No. EU418604) might also be explained by spillover infections. The exact route of those SWSV spillover transmissions is unclear; but S. araneus, S. minutus, and Neomys anomalus could occur sympatrically in the same habitats [25] [26] [27] . Previously spillover infections have been reported, e.g., for European rodent-borne hantaviruses TULV and DOBV [21, [28] [29] [30] . On the other hand, it cannot be excluded that SWSV has a broader host range consisting of several Sorex species (and even species of other shrew genera). These and similar findings for TULV [21, 28] underline the current problems in the identification of hantavirus reservoir hosts [31] . Spillover infections may represent a first step in the development of new virus-host associations. Host-switch and subsequent host adaptation has been discussed as an alternative evolution process for hantaviruses, besides the general host-virus codivergence [28, 32] . Interestingly, the S. araneus-borne SWSV S-and L-sequences from Raťkovský les were found at different positions of the corresponding trees. Further studies have to prove if this finding can be explained by a reassortment process.
In addition, we found a second putative ORF overlapping with the N protein coding ORF in 28 of the analyzed S-segment sequences from two trapping sites in Germany (Ködnitz, Gotha) and four sites in the Czech Republic (Raťkov, Raťkovský les, Beskydy, Nosislav). This ORF was predicted to be encoded by the antigenomic strand in a -2 frame and encodes a putative 203 amino acid-long protein (nucleotide positions 1,028-417; numbering according to GenBank Acc. No. EF636024; see Fig. 1d ). A protein BLAST search (http://blast.ncbi.nlm.nih.gov/Blast. cgi) and an analysis with ScanProsite (http://prosite.expasy. org/scanprosite) did not detect any conserved or functional domains within this putative protein (data not shown). Although for Arvicolinae-borne PUUV and TULV a NSs ORF was found in the same reading direction as the N ORF on the genomic strand [33, 34] , such an ORF as observed here on the antigenomic strand has never been found in other shrew-, mole-, or rodent-borne hantaviruses. Future studies are needed to prove if this putative ORF has any function in the replication cycle of SWSV and if an ambisense coding strategy exists for these strains, as known for some other bunyaviruses and for arenaviruses.
In conclusion, our study demonstrated a broad geographical distribution of SWSV in Central Europe. In line with the high divergence of its host S. araneus, the SWSV L-and S-segment sequences revealed a strong genetic differentiation of local strains. The detection of SWSV sequences in S. minutus can be explained by spillover infections. Alternatively, S. minutus might represent an additional reservoir. The broad geographical distribution of SWSV strongly encourages future studies on the zoonotic potential of SWSV and its pathogenicity for humans in particular. In addition, a more detailed analysis of the molecular evolution of SWSV may shed more light on the complex evolution and host adaptation processes of hantaviruses in general.
